Abstract. Malignant melanoma is the leading cause of mortality among the skin-associated diseases because of its highly metastatic nature and lethality. The aim of the present study was to evaluate antitumor and apoptosis effects of pomolic acid, a pentacyclic triterpene, against SK-MEL-2 human malignant melanoma cells. Its effect on cell migration and cell cycle arrest were also studied. An MTT assay was used to assess the cell cytotoxicity effects induced by pomolic acid. Fluorescence microscopy using acridine orange/propidium iodide and Hoechst 33342 staining, along with transmission electron microscopy (TEM), was used to study the effects of pomolic acid on apoptosis induction in these cells. The effects of pomolic acid on cell migration were studied using an in vitro wound healing assay. The effects of pomolic acid on cell cycle phase distribution were evaluated by flow cytometry using propidium iodide as fluorescent probe. The results revealed that pomolic acid induced significant doseand time-dependent antiproliferative effects in SK-MEL-2 human malignant melanoma cells, with IC 50 values of 110.3, 88.1 and 79.3 µM after 24, 48 and 72 h, respectively. Pomolic acid-treated cells exhibited red fluorescence, and the intensity of this fluorescence increased in a dose-dependent manner, indicating apoptosis induction. After the cells were treated with 25, 75 and 150 µM pomolic acid, significant morphological alterations characteristic of apoptosis were observed by TEM, including loss of microvilli, a damaged plasma membrane, damaged cellular organelles and enlarged lysosomes. Pomolic acid also led to sub-G1 cell cycle arrest, and inhibited cancer cell migration in a dose-dependent manner. These results implicate pomolic acid as a potential therapeutic agent for the treatment of malignant melanoma.
Introduction
Melanoma is a malignant cancer of epidermal melanocytes and is the most severe kind of skin disease. It is the leading cause of death-associated skin disorders due to its highly metastatic nature and lethality. Prognosis of melanoma depends on the tumor thickness and development stage. Melanoma patients require lose follow-up because of the high chance of recurrence (1, 2) . The occurrence of melanoma has increased significantly in the last 10-20 years in China and all over the world, especially targeting children. Malignant melanoma which is derived from defunct and abnormal melanocytes is accountable for >75% of skin cancer-associated mortalities. In the initial stages, melanoma maybe cured but in the advanced stages of the disease, the disease is very difficult to treat, primarily because of its high tendency to metastasize (3) (4) (5) . Over-exposure to ultraviolet (UV) radiation is a prominent melanoma risk factor. UV radiation exposure results in an increase in the expression levels of cyclooxygenase (COX)-2, an enzyme, which facilitates the conversion of arachidonic acid to prostaglandins. It has been reported that increased expression of COX-2 in skin exposed to UV radiation is a big risk factor for skin cancer development (6) . ~15,000-20,000 novel cases of malignant melanoma are diagnosed in China every year, and these numbers are increasing. The malignant melanoma mortality rate remains high, primarily because of its invasiveness and migration to neighboring tissues. The 5-year survival rates of patients with metastatic malignant melanoma is <20% (5, 7) .
Numerous naturally occurring compounds have been recognized to prevent the onset of melanomas. Some of these compounds include statins, curcumins, resveratrol, Epigallocatechin-3-gallate, Silymarin, selenium-containing agents, non-steroidal anti-inflammatory drugs, β carotene, celecoxib and betulinic acid (8) (9) (10) (11) (12) (13) (14) (15) (16) . The current study aimed to investigate the antitumor and apoptotic effects of pomolic acid (Fig. 1) , a naturally occurring pentacyclictriterpene, against SK-MEL-2 human malignant melanoma cells. The effect of pomolic acid on reactive oxygen species (ROS) generation, cell migration and cell cycle arrest were also studied. It has been reported that pomolic acid exhibits anticancer and apoptotic effects in SK-OV-3 human ovarian adenocarcinoma cells through mitochondrial-mediated intrinsic and death receptor-induced extrinsic pathways (17) . To the best of the authors' knowledge, the current study of antitumor effects of pomolic acid in SK-MEL-2 human malignant melanoma cells is the first such attempt, and has not been reported in earlier published work on this natural product.
Materials and methods
Chemicals and reagents. Pomolic acid (purity >98%; as determined by high-performance liquid chromatography) and 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) were acquired from Sigma-Aldrich; Merck KGaA (Darmstadt, Germany). Acridine orange (AO)/propidium iodide (PI), Annexin V-fluorescein isothiocyanate (FITC) and Hoechst 33342 were purchased from Wuhan Boster Biological Technology, Ltd. (Wuhan, China). Dulbecco's modified Eagle's medium (DMEM) and RPMI-1640 medium were purchased from HyClone; GE Healthcare Life Sciences (Logan, UT, USA). Fetal bovine serum (FBS), penicillin and streptomycin were purchased from Tianjin HaoYang Biological Manufacture Co., Ltd. (Tianjin, China).
Cell line and culture conditions. The SK-MEL-2 human malignant melanoma cancer cell line was obtained from American Type Culture Collection (Manassas, VA, USA) and maintained in DMEM supplemented with 10% FBS and antibiotics (100 U/ml penicillin G and 100 µg/ml streptomycin) at 37˚C in a humidified incubator containing 5% CO 2 and 95% air.
Cell proliferation assay using MTT. Human melanoma cells were seeded into a 96-well plate at a density of 2x10 6 cells/well. After 24 h, pomolic acid dissolved in DMSO at numerous concentrations (0, 5, 25, 75, 100 and 150 µM) was added to the cells. After incubation times of 12, 24 and 48 h, MTT solution was added. The number of viable cells is proportional to the formation of formazan crystals, which were dissolved in ethanol, and the optical density was measured on a microplate reader (Omega Bio-Tek, Inc. Norcross, GA, USA) at a wavelength of 490 nm.
Fluorescence microscopy of apoptosis using AO/PI double staining. The apoptotic effect of pomolic acid on SK-MEL-2 human melanoma cells was determined by fluorescence microscopy using acridine orange/PI double staining. In brief, SK-MEL-2 cells were seeded into 6-well plates at a density of 2x10 5 cells/well and then treated with different doses (0, 25, 75 and 150 µM) of pomolic acid for 48 h. Following this, the untreated and treated cells were incubated with AO (10 µg/ml) and PI (10 µg/ml) for 2 h, and apoptotic cell death was visualized and images were captured with a fluorescent microscope (Olympus-BX51-f luorescence microscope, Olympus Corporation, Tokyo, Japan; magnification, x400; fitted with Nikon camera, Nikon Corporation, Tokyo, Japan).
Fluorescence microscopy of apoptosis using Hoechst 33342 staining. SK-MEL-2 human melanoma cells were seeded at a density of 2x10 5 cells/well into a 6-well plate, and were then treated with 0, 25, 75 or 150 µM pomolic acid for 48 h. The cells were then fixed with 3.5% formaldehyde for 30 min and washed with PBS three times. A solution of Hoechst 33342 staining dye was added to the cells and after 30-min incubation period, following which cells were detected and images were captured under a fluorescence microscope (Olympus-BX51-fluorescence microscope, Olympus corporation; magnification, x200 fitted with a Nikon camera; Nikon Corporation).
Transmission electron microscopy (TEM) for ultrastructural analysis. SK-MEL-2 human melanoma cells (2x10 6 cells/well) were seeded into three flasks. The cells were treated with increasing doses (0, 25, 75 or 150 µM) of pomolic acid for 48 h, following which they were harvested and washed with PBS three times. Subsequently, 2.0% glutaraldehyde was added for microtome sectioning using an ultramicrotome (JEOL, Ltd., Tokyo, Japan). TEM analysis was performed using a transmission electron microscope (JEM-4000; JEOL, Ltd.).
Annexin V-FITC assay for apoptosis quantification. An Annexin V-FITC apoptosis detection kit (Sigma-Aldrich; Merck KGaA) was used to quantify the extent of apoptosis induced by pomolic acid in SK-MEL-2 human melanoma cells. In brief, SK-MEL-2 cells at a density of 2x10 6 cells/ml were seeded in 6-well plates and treated with pomolic acid at increasing doses (0, 25, 75 or 150 µM). Subsequently, the cells were incubated for 48 h, washed with PBS and then stained with PI and Annexin V-FITC as per the manufacturer's protocol. The cells were analyzed by flow cytometry using a FACSCalibur instrument using Cell Quest 3.3 software (BD Biosciences, San Jose, CA, USA).
In vitro wound healing assay for cell migration. SK-MEL-2cells were placed in a sterile 12-well plate and horizontal lines were drawn on the base of the plate by keeping it upside down. Following this, 2 ml cell culture containing media was transferred into each well. The plate was covered with the lid and placed in a CO 2 incubator for 48 h at 37˚C. Following this, the plate was removed from the CO 2 incubator and a scratch in each well was made using a 50 µl micropipette tip. Cells in the plate were then subjected to varying doses of pomolic acid (0, 75 or 150 µM), incubated for 0 and 24 h, and fixed and stained with 5.5% ethanol containing 1.5% crystal violet powder for 30 min at room temperature. Using a phase contrast microscope (Olympus Corporation, Tokyo, Japan), ten randomly selected fields were selected and imaged. Image J software (version 1.46; National Institutes of Health, Bethesda, MD, USA) was used to determine the length of the wounds.
Cell cycle analysis assay. The effect of pomolic acid on the cell cycle was evaluated by flow cytometry using PI as a fluorescent probe. SK-MEL-2 cells at a density of 2x10 6 cells/ml were seeded into a 6-well plate. The cells were exposed to various doses of pomolic acid (0, 25, 75 or 150 µM) in a humidified atmosphere of 5% CO 2 for 48 h. The cells were harvested and washed with PBS twice and then fixed in ice-cold ethanol at 4˚C overnight. For permeabilisation a permeabilisation reagent (0.25% Triton X-100, 0.01% sodium azide in PBS; Thermo scientific, Waltham, MA USA) was used. The cells were then stained with PI solution and 20 mg/ml RNase for 30 min in dark, and then analyzed by flow cytometry (FACSCalibur, BD Biosciences). The estimation of the percentage of cells in each phase of the cell cycle was carried out by WinMDI version 2.9 software (Scripps Research Institute, La Jolla, CA, USA).
Statistical analysis. Data are expressed as the mean ± standard deviation. Significant differences were determined by Tukey's post hoc test and one-way analysis of variance using GraphPad prism software (version 7; Graphpad, Inc., La Jolla, CA 92037 USA). P<0.05 was considered to indicate a statistically significant difference. Fig. 1 . The effects of pomolic acid on the growth of SK-MEL-2 cells were evaluated using an MTT assay. The results indicated that pomolic acid induced significant dose-and time-dependent antiproliferative effects in SK-MEL-2 human malignant melanoma cells. The antiproliferative effects of pomolic acid were markedly more pronounced at 48 and 72 h intervals, compared with the 24-h incubation (Fig. 2) . In order to quantitatively estimate the antiproliferation effect of pomolic acid, half maximal inhibitory concentration (IC 50 ) values for pomolic acid were calculated, which were observed to be 110.3, 88.1 and 79.3 µM at 24, 48 and 72 h, respectively.
Results

Pomolic acid inhibits the growth of SK-MEL-2 human
malignant melanoma cells. The chemical structure of pomolic acid is presented in
Pomolic acid induces apoptotic morphological alterations in SK-MEL-2 human malignant melanoma cells.
AO/PI staining was used to study the effect of pomolic acid on induction of apoptosis in SK-MEL-2 human melanoma cells. AO and PI are nuclear staining dyes. AO can penetrate into both live and dead cells and results in green fluorescence by staining all nucleated cells. On the contrary, PI is permeable to only dead cells with damaged cell membranes, and emits a red fluorescence by staining all dead nucleated cells. Compared with untreated control cells which showed total green fluorescence (Fig. 3A) , cells treated with 25, 75 and 150 µM pomolic acid exhibited red fluorescence, with the intensity increasing in a dose-dependent manner (Fig. 3B-D, respectively) , suggesting that the percentage of apoptotic cells increased with increasing doses of pomolic acid.
Similarly, fluorescence microscopy using Hoechst 33342 staining dye also revealed that pomolic acid has the tendency to induce apoptosis in these malignant melanoma cells. The results of the current study revealed that compared with untreated cells (Fig. 4A) , which demonstrated healthy morphology with no signs of apoptosis, as pomolic acid concentration increased, the extent of apoptosis also increased, characterized by cellular shrinkage, membrane blebbing, chromatin condensation and apoptotic body formation (Fig. 4B-D) . Apoptotic cells emit bright fluorescence, indicating DNA cleavage and chromatin condensation. The apoptotic cells appeared as condensed and shrunken entities with uneven morphology.
Morphological assessment of pomolic acid-induced apoptosis by TEM.
TEM is considered the most effective microscopic technique used to study ultrastructural alterations in cells. In the current study, it was observed that in untreated control SK-MEL-2 melanoma cells, there were no signs of morphological alterations and no signs of apoptosis (Fig. 5A) . However, following treatment with 25, 75 and 150 µM pomolic acid, significant morphological alterations characteristic of apoptosis were observed (Fig. 5B-D , respectively). These morphological alterations included loss of microvilli, damaged plasma membranes, damaged cellular organelles and presence of bigger lysosomes (Fig. 5) .
Pomolic acid-induced early and late apoptosis in SK-MEL-2 cells.
Flow cytometry using Annexin V-FITC was employed to quantitatively assess the apoptosis-inducing effects of pomolic acid in SK-MEL-2 human malignant melanoma cells. Pomolic acid induced both early and late apoptosis in a dose-dependent manner. Compared with untreated control cells (Fig. 6A) , pomolic acid-treated cells exhibited an increase in apoptotic cells from 2.1% in control cells, to 26.1, 57.4 and 78.8% in 25, 75 and 150 µM pomolic acid-treated cells (Fig. 6B-D, respectively) . Q1, Q2, Q3 and Q4 represent necrotic, late apoptotic, viable and early apoptotic cell populations, respectively.
Pomolic acid inhibits cell migration in SK-MEL-2 cells.
The effect of pomolic acid on cell migration in SK-MEL-2 cells was evaluated by an in vitro wound healing assay. As presented in Fig. 7 , comparative with untreated cells, pomolic acid reduced cell migration in a dose-dependent manner. Cell migration was reduced by 20-75% after treating cells with 0, 75 and 150 µM pomolic acid. The cell migration effects of pomolic acid were evaluated at 0 and 24 h time intervals.
Pomolic acid induces sub-G1 cell cycle arrest in SK-MEL-2 cells.
As the growth inhibitory effects of pomolic acid are mediated via cell cycle disruptions, further experiments using flow cytometry were performed to study the effects of pomolic acid on the cell cycle. The results revealed that pomolic acid led to potent sub-G1 cell cycle arrest in a dose-dependent manner. Sub-G1 cells also indicates apoptosis. The results revealed that the percentage of sub-G1 cells increased from 7.5% in untreated control group (Fig. 8A ) to 25.6 (Fig. 8B), 32.3 (Fig. 8C ) and 46.7% (Fig. 8D) in 25, 75 and 150 µM-pomolic acid treated cells, respectively. Therefore, pomolic acid treatment led to a potent increase in apoptotic cells in a dose-dependent manner. 
Discussion
Apoptosis, also known as programmed cell death, is a highly systematized biochemical process involved in maintaining normal homeostasis by eliminating damaged or defunct cells. The process of apoptosis is characterized by its unique morphological and biochemical processes. The morphological features include chromatin condensation, cell shrinkage, membrane blebbing and cell membrane rupture. Apoptosis is triggered in cancer cells after activation of numerous key cellular processes (18) (19) (20) . Cancer treatment primarily involves use of radiation, surgery and chemotherapy, or their combination. However, due to severe side-effects coupled with low success rates, there is a requirement for novel, cheap and less toxic anticancer chemotherapeutic agents. A promising and effective anticancer drug would selectively target cancer cells, leaving healthy cells undamaged or demonstrating less toxicity towards healthy cells. This may be achieved by apoptosis induction in cancer cells, mostly by plant-based chemotherapeutic agents. Therefore, inducing apoptosis in cancer cells is one of the key areas in the management and treatment of cancer. Natural product-based drugs have always served significant roles in the drug discovery process, especially anticancer drug discovery (21) (22) (23) .
The primary objective of the current study was to investigate the antitumor effects of pomolic acid in SK-MEL-2 human malignant melanoma cells, along with evaluating its effects on apoptosis induction, cell cycle phase distribution and cell migration. The results indicated that pomolic acid induced significant dose-and time-dependent antiproliferative effects in SK-MEL-2 human malignant melanoma cells. The antiproliferative effects of pomolic acid were more pronounced at 48 and 72 h intervals, compared with 24 h. Compared with untreated control cells which showed total green fluorescence, 25, 75 and 150 µM pomolic acid-treated cells exhibited red fluorescence, and the intensity of this fluorescence increased in a dose-dependent manner, indicating that the percentage of apoptotic cells increased as pomolic acid dose increased. Similar results were obtained using Hoechst 33342 staining dye. TEM indicated numerous ultrastructural alterations in these cells, including loss of microvilli, damaged plasma membranes, damaged cellular organelles and enlarged lysosomes. Pomolic acid also induced early and late apoptosis in a dose-dependent manner in these cells. Pomolic acid treatment resulted in an increase in apoptotic cells, from 2.1% in control cells, to 26.1, 57.4 and 78.8 in the 25, 75 and 150 µM pomolic acid-treated cells, respectively. It also led to a dose-dependent reduction in cell migration, and induced sub-G1 cell cycle arrest. In conclusion, the present study demonstrated that pomolic acid exhibits potential antitumor properties in SK-MEL-2 human malignant melanoma cells by inducing apoptosis, inhibiting cell migration and inducing sub-G1 cell cycle arrest. These results implicate pomolic acid as a potential therapeutic agent for the treatment of malignant melanoma.
